the 76 cm and the 30 cm filters). The number of OTUs (ESVs clustered at 97% similarity) captured on the 143 filters for the 30 cm sample was half the number retrieved from the total soil, whereas the number 144 captured at 76 cm filters captured greater than or equal to the full soil sample in average (Table S1 ). The 145
OTUs that were present on the 76 cm filter sample and not retrieved in the soil were found in low 146 abundance (< 0.1 %) and might have come from the rare members of the soil microbiome. Since we 147 observed that the filtering (which was used for the BONCAT cells) introduced a bias, we used the total 148 cells captured on a filter for further comparison with the BONCAT sorted fractions. 149 150
BONCAT labeling challenges our view of the active fraction of soil microbes 151
To identify individual active cells within soils, samples from 30 cm and 76 cm were incubated 152 with HPG and sampled at various time points up to one week (168 h), followed by fluorescent labeling. 153
The total number of cells per gram of soil was stable throughout the incubation period, with ~20 million 154 cells g -1 soil at 30 cm and ~5 million cells g -1 soil at 76 cm ( Figure 1B) , indicating there was neither acute 155 toxicity leading to massive cell loss nor a stimulation leading to a population bloom during the 156 incubations. While total cell numbers held steady, the fraction of BONCAT+ ( Figure 1C ) cells increased 157 over time in both soil samples ( Figure S4) , with a distinct rate of labeling and fraction of labeled cells 158 detected for both soil samples. For example, cells from the 76 cm soil were labeled quickly (clear 159 BONCAT+ population were visible as early as 30 min after incubation) and ~60% of all cells were 160 labeled by 48 h, whereas cells from the 30 cm soil were labeled more slowly (no BONCAT labeling after 161 1 h) and only ~20% total cells were labeled after 48 h ( Figure 1D ). These differences, which were 162 consistent among biological replicates, suggest that the microbial community found at 76 cm was 163 composed primarily of active cells, while the community at 30 cm had a larger fraction of inactive cells. 164
Soil activity has traditionally been assessed via bulk measurement of microbial processes (such as 165 CO 2 evolution or enzymatic activities) 37 , however, both the realization that bulk measurements where 166 poor predictors of soil processes 11 and that the soil organic matter (including the recalcitrant fraction) is composed of small organic molecules of microbial origin 38 motivate our examination of active soil 168 microbes at the single cell level. Previous attempts have reported that only a small fraction of cells (0.1 -169 2%) are active at once 14 , shaping the view that most soils microbes are dormant and constitute a 'seed 170 bank' whose members can become active under favorable conditions 29 . These observations along with the 171 realization that the percent of soil surface area covered by microorganisms might be as low as 10 -6 % 39 , 172 and that the localization of soil bacteria in-situ still eludes us 40 , contradict the intuition that a large 173 fraction of the cells should be active to account for the observed bulk activities. The soils that we 174 analyzed here showed that 20 % or more cells were active at both depths, and that this value can be 175 reached within 30 min of incubation, as shown for the 76 cm soil. The high number of active cells we 176 found is an order of magnitude higher than previous estimates, and might be partially explained by the 177 fact that it is a fraction of the soil intact cell detached from the soil, and not of the total cells. 178
Nevertheless, our study shows that there are more active cells than previously thought per gram of soil, a 179 fact that supports the sequences-based network approaches to interrogate soil microbiomes. If a large 180 fraction of cells are co-active it is more likely that they will be able to interact metabolically. 181
182
The BONCAT+ fraction forms a selected sub-set of the total community 183
To determine the identity of active cells, we sequenced the 16S ribosomal marker genes of 184 BONCAT+ cells from 30 cm and 76 cm soil samples. Specifically, triplicate collections of BONCAT+ 185 cells recovered by FACS (2 h incubation of the 76 cm sample and 48 h incubations of the 76 cm and 30 186 cm samples) were characterized using iTag sequencing (Table S1 ). Both soils were sequenced for the 48 187 h time point, as it represents the beginning of the plateau phase of the BONCAT labeling for both cores 188 ( Figure 1D ). For the 76 cm soil, the 2 h time point was also sequenced to identify early responders. 189
Unlabeled cells (BONCAT-) were also sorted and sequenced from these time points ( Figure S1 ). In order 190 to compare the BONCAT sorted fractions to the total community at a large scale, we plotted the rank vs. 191 abundance of all libraries ( Figure 2B ). This plot clearly shows that the BONCAT+ populations separate 192 from the rest of the samples, with a steeper slope reflecting a faster drop of diversity at higher ranks. The 193 pattern for BONCAT-samples was similar to the total community captured on a 0.2 µm filter. In order to 194 assess if this difference was from compositional variation, a beta-diversity metric (Bray-Curtis distance) 195 was computed and ordinated with pairwise distances between samples ( Figure 2C ). The resulting NMDS 196 plot revealed that all the BONCAT+ sorted fractions from both the 30 cm and the 76 cm formed a distinct 197 group from the rest of the samples (Adonis, F = 2.65, p value = 0.001). These results indicate that the 198 pools of BONCAT-cells, although of lower diversity compared to the control total soil and filter samples, 199 were a random subset of the total communities' analyzed, while the BONCAT+ fraction was clearly 200 composed of a distinct and reproducible subset of the community. the active fraction was dominated by Actinobacteria ( Figure 2A) , with one Arthrobacter OTU 203 encompassing ~51% of the retrieved sequences on average ("h" Figure 3A ), while the 76 cm active 204 population was dominated by Proteobacteria. At the OTU level (ESVs clustered at 97% similarity) 205 ( Figure 3 ), the BONCAT responders OTU h-e-f were highly active at both 30 cm and 76 cm independent 206 of their abundance in the parent population. For instance, OTU h Arthrobacter was only recovered at low 207 abundance (rank 214) from the total cells captured on a filter, while it is the most abundant OTU in the 208 BONCAT+ fraction for this sample. This observation suggests that the activity of these very prominent 209 responders was driven more by the incubation condition than by their rank in the parent community. By 210 contrast, the most abundant members of the 76 cm community (OTU a Figure 3 ) were BONCAT-, 211 indicating that they did not respond to this incubation condition. 212
Although we are confident that the BONCAT + fraction is composed of translationally active 213 cells, the relative proportion of the OTUs within each library is to be interpreted with some caution, 214 because of factors including potential biases from PCR when producing the iTags libraries 41,42 , and 215 sorting (in the detachment from the filter and DNA staining steps) that impacted estimates of relative 216 abundance. More precisely, a few OTUs account for the majority of the sequences retrieved in the 217 BONCAT fraction, while their abundance were lower in the total community. Given that the size of the 218 total population did not vary during the incubation, this can be explained by two non-exclusive 219 hypotheses: (i) some technical bias in determining relative abundance or (ii) real growth of certain OTUs 220 perfectly balanced by loss of other members. While our experimental design does not allow us to 221 distinguish between microbes that were already active and the ones that were activated by the incubation, 222 it seems reasonable to assume that the signal we measured is a mix of both types. 223
Another interesting finding from this study is that the BONCAT+ signal plateaued at around ~4 224 million active cells per gram of soil, independent of the size of the total population. This raises an 225 interesting hypothesis of a resource limit within these samples that controlled the total number of active 226 cells in each soil sample. To explain the persistence of the inactive members of the community, especially 227 the abundant ones (such as OTU a which is the most abundant OTU at 30 cm), we suggest that they must 228 thrive under other sets of parameters that they encounter in the field but not in our experimental setup. In 229 addition, it is possible that some of the BONCAT-are false negatives due to their inability to incorporate 230 HPG. At this point, it is difficult to estimate the bias introduced by the preferential incorporation of HPG 231 to certain species compared to others, but the fact that BONCAT+ cells belonged to 251 different OTUs 232 spanning 17 bacterial phyla and accounted for up to ~70% of the detachable cells, suggests, as previously 233 noted 34 , that HPG is in fact incorporated by a large set of bacterial species. 234 uncultivated microbes to be active, and from which they might be isolated more easily than from standard 237 laboratory conditions. For instance, the AD3 candidate division was first proposed in 2003 from a study 238 of sandy soils 43 and was repeatedly found in soil since then. However, there is still no cultivated 239 representative of this phylum reported. We found activity for some AD3 members under our selected 240 incubation conditions, which thus provide a new starting point for cultivation efforts for this phylum. 241
242

BONCAT responders closely related to cultured and generally abundant soil organisms 243
We further asked how the culture collection available for this experimental site captured the 244 diversity of the active, and presumably ecologically relevant, fraction of the community. For this, we 245 compared 16S sequences of BONCAT+ cells and total cells libraries (both total soil and cells captured on 246 a filter) to 16S sequences from 687 isolates collected from this same location. Surprisingly, 77% to 98% 247 of total sequences from BONCAT+ cells shared >97% sequence similarity with an isolate collected from 248 the same location-consistent with the view that the active microbes lend themselves to isolation. This is 249 despite the fact that when looking at the total community of cells (filter sample), only 7% and 2% of the 250 total sequence reads from the 76 cm and the 30 cm respectively shared >97% sequence similarity with the 251 isolates, suggesting the isolated OTUs were not part of the dominant members of the community (Figure  252 4A). 253
It is interesting that in our incubation condition, abundant OTUs (e, f, h and i, Figure 3 ) with 254 close cultured representatives were translationally active in an oligotrophic soil (~0.15% TOC) without 255 any addition of nutrients other than HPG. Importantly, the cell counts remained stable throughout the 256 incubation ( Figure 1B ), suggesting that the predominance of these OTUs in the BONCAT+ fraction did 257 not result from them overgrowing the community during the incubation. Soil microbiomes are typically 258 highly diverse and composed of largely uncultivated lineages 3 . Our data suggests that at least in this case, 259 that identified a list of 511 phylotypes (OTUs with 97% cutoff) encompassing 44% of the microbial 262 diversity of soils worldwide. Among these phylotypes, 45% had a cultured representative, suggesting that 263 only a small number of microbial phylotypes might be globally relevant for soil microbiomes, and that 264 cultivation efforts have already yielded to isolate representatives of a substantial amount. In order to 265 further compare our dataset with these 511 ubiquitous soil phylotypes, we ran BLAST comparisons on a 266 set of representative sequences of our libraries OTUs and recovered the >97% hits ( Figure 4A and 4B) . 267 from the 511 reference phylotypes. Three of the most abundant BONCAT+ OTUs retrieved belonged to 269 the 511 prominent members of the global atlas for soil microbiome 35 (e.g. OTU g, h, i Figure 3 ). 270 271
Exploring the link between abundance and activity in soils 272
Most if not all structures of microbial communities follow a power low rank-abundance trend 273 with a few highly abundant members, and a large number of rare members, which we also see for our data 274 ( Fig 2B) . In order to persist in a community, all members should have a positive growth over death 275 population ratio. However, in order to become abundant, a particular member must have higher growth 276 rates and/or lower mortality rates than other members. Therefore, the makeup of the total community is an 277 integration over time of microbial populations' turnover. It was proposed that dormant microbes play an 278 important role in maintaining microbial diversity, acting as a "seed bank" where different OTUs become 279 active under favorable conditions 29 . As a corollary it is thought that most activity is concentrated in 280 hotspots with high organic input such as the rhizosphere 44 . Our data suggest that under a given set of 281 conditions, only a small subset of the soil microbiome OTUs are active (88 OTUs on average in this 282 study, Table S1 ), however these account for a large part of the cell population (20 % -60 %) even in areas 283 of soils that likely are not hotspots. 284
Despite dramatic differences in their initial abundance, a subset of consistently active cells is 285 present across samples (e.g. OTUs e, f, h in Figure 3 ). This last observation is reminiscent of the "scout" 286 model 45 : In this model, most cells are not actively growing, and 'scout' cells randomly "awaken" and 287 start to divide if the resource conditions are favorable to do so. If the "scout" model holds true, one would 288 indeed expect that under a given set of incubation conditions (as provided here), only a small fraction of 289 the microbial diversity would wake up and an even smaller one would be able to thrive. We see examples 290
of OTUs that appear to follow this 'awakening' behavior: for example, OTU h ( Figure 3 ) was present at a 291 very low abundance at 30 cm, and became the most abundant OTU in the BONCAT+ fraction after 48 h. 292
As a corollary of the 'scout' model, because of spontaneous awakening, it is expected that active and 293 inactive cells coexist for a given species, a prediction that is also verified by our data (e.g. OTU b and d 294 Figure 3 ). These observations are also consistent with previous studies that have identified that even non-295 sporulating bacteria exhibit periods of transient dormancy 46, 47 and that bacterial signaling molecules exist 296 that promote cell resuscitation 48,49 whose could explain why only certain populations become active. 297 298
Conclusions 299
We find BONCAT to be a useful tool for analysis of the active fraction of soil microbiomes when 300 coupled to fluorescence activated single cell sorting (FACS) and sequencing. BONCAT enables 301 separating active cells from free DNA, dormant microbes and physiologically impaired cells. It can be viewed as a filter that focuses environmental DNA analyses on the active and likely ecologically relevant 303 cell fraction in a given environmental condition. As all filters, the BONCAT procedure also introduces 304 biases and will need to be benchmarked against other activity probing strategies. Nonetheless, we showed 305 that BONCAT-FACS-Seq can be used to track the active cell population dynamics and dissect the 306 behavior of active members at the phylum or OTU level. Our experiments resulted in consistent 307 enrichment of a specific set of organisms in the BONCAT+ fraction that differs from the total 308 community. Surprisingly, we found that a large fraction of the cells were active under our incubation 309 conditions (25 % -70 %), which contradicts the common view that most soil organisms are inactive 310 ( Figure 5) . Overall, our data shows that the application of BONCAT-FACS-Seq is a powerful approach 311 that can provide important new insights into soil microbiomes with the potential to help reconcile 312 functional measurement to microbial diversity. Given these encouraging results and the relative simplicity 313 of the approach we predict that it is going to be widely used in future applied and fundamental soil 314 The filter was then placed on a glass slide and 80 µl of the click reaction mixture was quickly added 364 before covering the filter with a coverslip to avoid excess oxygen during the click reaction. The slides 365 were incubated in the dark for 30 min and each filter was then thoroughly washed three times in 366 a succession of three baths of 20 ml 1X PBS for 5 min each. The filters were finally transferred to 5 ml 367 tubes (BD-Falcon 5 ml round bottom tube with snap cap, Corning TM , Corning, NY, USA) with 2 ml of 368 0.02% Tween® 20in PBS, with the cells facing inwards and vortexed at maximum speed for 5 min to 369 detach the cells. The tubes were incubated for 20 min at 25˚C, and subsequently stored at 4°C. Before being loaded onto the cell sorter (BD-Influx TM , BD Biosciences, San Jose, CA, USA), the samples were 371 filtered through a 35 µm filter (BD-falcon 5ml tube with cell strainer cap, Corning TM , Corning, NY, 372 USA). A water incubated sample was clicked along with each set of samples to define the BONCAT 373 staining background of each single click reaction. 374 375
Flow cytometer, cell count and cell sorting 376
For the cell counts, the cells were prepared the exact same way as described above, but the click 377 reaction was omitted and the cells detached from the filter were stained 1X SYBR TM ( and guided the sorting decisions. We decided to sort three biological replicates at two incubation time 392 points for the 76 cm sample (2h and 48h) and three biological replicates at one time point for the 30 cm 393 sample (48h). A total of 35k-75k cells (see table Figure 1B for detailed counts) were sorted in parallel for 394 the BONCAT + and BONCAT -gates into a 96 well plate. Plates were frozen at -80°C until processing. 395 396
Total DNA extraction from soil and filters 397
In order to compare sorted cells to the soil microbiome, total purified DNA was prepared from 398 the soil cores and the cells captured on a 0.2 GTTP isopore™ 25 mm filter (MilliporeSigma, Burlington, 399 MA, USA), respectively to account for the bias of the first step of the BONCAT process. We used the 400 Qiagen-MoBio Power soil DNA kit (Qiagen, Hilden, Germany) following the manufacturer instructions, 401 except for the lysis step that was performed by shaking the tubes at 30 Hz for 10 min in a tissue 402 homogenizer (TissueLyser II, Qiagen, Hilden, Germany). 403
In order to pellet the sorted cells, the 96 well plates were centrifuged at 7200 x g for 60 min at 406 10°C. The plates were further centrifuged upside-down for 20 s at 60 x g to remove supernatant. The 407 pelleted cells were lysed using PrepGEM (zyGEM, Charlottesville, VA, USA) chemical lysis in 2 µl 408 reactions following manufacturer's recommendation. 0.2 µl of 10X Green buffer, 0.02 µl of PrepGEM, 409 0.02 µl of lysozyme and 1.8 µl of water were added to each well. Note that six empty wells were 410 submitted to PrepGEM lysis and library construction to account for potential contaminant. The plates 411 were then placed in a thermocycler for 30 min at 37°C and 30 min at 75°C. The iTag PCR was performed 412 directly on the cell lysate following the JGI standard operating protocol (https://jgi.doe.gov/user-program-413 info/pmo-overview/protocols-sample-preparation-information/). /). Briefly, the V4 region of the 16S 414 rDNA was amplified using the universal primer set 515F (5'-GTGYCAGCMGCCGCGGTAA-3'), 806R 415 was used for compound identification in samples where measured RT, m/z and fragmentation spectra 508 were compared with library predicted RT, theoretical m/z, library detected adducts and library MSMS 509 fragmentation spectra. Compounds identification were retained when peak intensity was > 1e4, retention 510 time difference from predicted was < 1 min, m/z was less than 20 ppm from theoretical, expected adduct 511 was detected and at least 1 ion fragment matched the library spectra and were more abundant in at least 512 one sample as compared to the average value + 1 SD of the extraction controls. Only 8 compounds 513 met these criteria; average peak heights from the extracted ion chromatograms are reported in Figure S5 . 514
The signal was very low overall owing to the low amount of organics in these soils. We checked for the 515 presence of methionine manually using MZmine version 2.26 32 shown respectively on the density plot on the top and on the right of each graph. The BONCAT+ cells 727 gate is displayed as a gray box in each plot, and the percent cells in the BONCAT+ gate is indicated in the 728 top left corner of the box. The left two columns are biological replicates from 76 cm soil incubated for 2 729 h, and the right two for 48 h. Each row of panels corresponds to a different treatment, the first row being 730 control samples without HPG (with or without PFA fixation), the second corresponds to samples that 731 were pre-treated with PFA before incubation, while the third corresponds to samples were cells were 732 fixed with PFA after incubation. The last row corresponds samples that were not fixed, i.e the same 733 treatment used for when sorting and sequencing BONCAT+ and BONCAT-cells ( Figure S3 ). 734 along the x and y-axis is shown respectively on the density plot on the top and on the right of each graph. 739
The left three columns are biological replicates from 76 cm and the right three from 30 cm soil. Each row 740 corresponds to an incubation time (2 h to 168 h). The BONCAT+ cells gate is displayed as a gray box in 741 each plot, and the percent cells in the BONCAT+ gate is indicated in the top left corner of the box. 742 743 744 745
